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a  b  s  t  r  a  c  t
Chagas  disease  is  the  most  important  parasitic  disease  in  Latin  America.  The  causative  agent,  Trypanosoma
cruzi, displays  high  genetic  diversity  and  circulates  in  complex  transmission  cycles  among  domestic,
peridomestic  and  sylvatic  environments.  In Ecuador,  Rhodnius  ecuadoriensis  is  known  to  be  the  major
vector  species  implicated  in  T. cruzi  transmission.  However,  across  vast  areas  of Ecuador,  little  is known
about  T. cruzi  genetic  diversity  in  relation  to different  parasite  transmission  scenarios.
Fifty-eight  T. cruzi  stocks  from  the  central  Ecuadorian  coast,  most  of  them  derived  from  R. ecuadorien-
sis,  were  included  in  the  study.  All  of  them  were  genotyped  as T.  cruzi  discrete  typing  unit I  (DTU  TcI).
Analysis  of  23  polymorphic  microsatellite  loci through  neighbor  joining  and  discriminant  analysis  of
principal  components  yielded  broadly  congruent  results  and  indicate  genetic  subdivision  between  syl-
vatic and peridomestic  transmission  cycles.  However,  both  analyses  also  suggest  that  any  barriers  are
imperfect  and  signiﬁcant  gene  ﬂow  between  parasite  subpopulations  in different  habitats  exists.  Also
consistent  with  moderate  partition  and  residual  gene  ﬂow  between  subpopulations,  the ﬁxation  index
(FST)  was  signiﬁcant,  but  of low  magnitude.  Finally,  the lack  of  private  alleles  in  the  domestic/peridomestic
transmission  cycle  suggests  the  sylvatic  strains  constitute  the  ancestral  population.The  T. cruzi  population  in the  central  Ecuadorian  coast  shows  moderate  tendency  to subdivision  accord-
ing  to transmission  cycle.  However,  connectivity  between  cycles  exists  and the  sylvatic  T. cruzi  population
harbored  by R. ecuadoriensis  vectors  appears  to  constitute  a source  from  which  the  parasite  invades  human
domiciles  and their  surroundings  in  this  region.  We  discuss  the  implications  these  ﬁndings  have  for  the
planning,  implementation  and  evaluation  of  local  Chagas  disease  control  interventions.
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Chagas disease is the most important parasitic disease in Latin
merica [1], currently affecting an estimated 10 million people [2],
40% of which will develop chronic complications such as cardiac
nd/or digestive alterations [3]. The causative agent, Trypanosoma
ruzi, circulates in complex transmission cycles which occur in wild
sylvatic), peridomestic and domestic environments, and involve
ammalian hosts (including human) and blood-feeding triatomine
∗ Corresponding author.
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/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
bugs [4]. Unraveling the dynamics of parasite transmission cycles at
a local scale is pivotal for designing effective intervention strategies
[5], among which, vectorial control is of paramount importance
[6].
Chagas disease is endemic in Ecuador [7]. Rhodnius ecuadorien-
sis is the major T. cruzi vector [8,9]; including in Manabí province,
Central Coast. This area constitutes an important target for the
National Chagas disease control program. In contrast to entomolog-
ical ﬁndings in southern Ecuador, R. ecuadoriensis rarely colonizes
(i.e., establishes breeding triatomine populations) inside houses in
Manabí [8]. However, this vector species is frequently associated
with peridomestic habitats, especially if ﬁrewood and is accumu-
lated near the house [10].
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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cig. 1. Studied communities in Manabí. The locations of the studied communities ar
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n  Ecuador and of Ecuador in South America. (For interpretation of the references to
In genetic terms, T. cruzi is a highly heterogeneous species,
ivided into six major genetic lineages, referred to as discrete typ-
ng units (DTUs), or “near-clades” [11], named TcI through TcVI
12], may  have been the result of long-term restrained genetic
ecombination with occasional bouts of genetic exchange and/or
ybridization, i.e., predominant clonal evolution (PCE) [11,13]
lthough there is controversy surrounding the applicability of this
odel to evolution to T. cruzi [14]. Each DTU displays different bio-
ogical characteristics, as well as particular phylogeographic and
co-epidemiological traits, although these differences are not clear-
ut [15]. Previous studies in Southern Ecuador, have detected the
resence of the TcI DTU exclusively [5]. The DTUs present as well as
. cruzi’s population dynamics in Manabí province remain unchar-
cterized.
In this study, we genotyped the T. cruzi lineages circulating in the
ector population of the central Ecuadorian coastal region through
estriction fragment length polymorphism (PCR-RFLP) analysis.
dditionally, we employed 27 previously described microsatellite
olymorphic loci [16] to gain insight into the local parasite popu-
ation dynamics in the region. Our ﬁndings, which point towards
oderate population partitioning and the existence of genetic ﬂow
etween peridomestic and sylvatic T. cruzi populations, are dis-
ussed in the context of the long-term Chagas disease controln. The area of each circle corresponds to the number of T. cruzi stocks analyzed in a
estic/peridomestic (orange) habitats. Inserts show the location of Manabi province
 in this ﬁgure legend, the reader is referred to the web version of this article.)
efforts in this geographic area, especially vector control interven-
tions directed towards R. ecuadoriensis, the major vector species in
Manabí and in Ecuador in general.
2. Materials and methods
2.1. Study area
Samples included in the study come from 14 different rural
communities of Manabí province (Fig. 1), in the central Ecuado-
rian coast. The terrain is mostly ﬂat, with hills of low altitude
(0–350 m.a.s.l), covered mostly by subtropical dry and tropical
humid forests [17]. Agriculture is the main economic activity and
Manabí is one of the least afﬂuent provinces in the country, despite
being the third largest in terms of population size. In rural com-
munities, housing in Manabí is typically built with cane walls and
palm roofs, although cement/brick walls and zinc plate roofs are
also common [10].2.2. T. cruzi sample panel
A panel of 58 T. cruzi samples was  assembled for the study
(Additional ﬁle 1). All samples were isolated from triatomines col-
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Fig. 2. Pairwise genetic distance-based neighbor-joining tree. The dendrogram was
built based on D AS values corresponding to the mean of thousand random re-
samplings of the 23 microsatellite loci datasets. Branch colors correspond to the
location of sample collection: red for domestic/peridomestic (sample labelled with
was the only intradomestic sample) and green for sylvatic habitats. All samples were
originally isolated from Rhodnius ecuadoriensis vectors, except those labeled with an
asterisk, which were isolated from Panstrongylus howardi. Allelic bootstrap values
(percentage congruence over 1000 trees from 1000 random diploid datasets) are
indicated in italics. Loci level bootstraps (percentage congruent tress over 1000 ran-
domly sampled diploid datasets) are indicated in bold. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web  version of0 J.A. Costales et al. / Act
ected for previous studies performed by our group at the Center
or Infectious and Chronic Disease Research, Pontiﬁcia Universidad
atólica del Ecuador, in Quito, Ecuador. The panel included sam-
les collected in Manabi province in domestic (within domiciles)
r peridomestic habitats (near human dwellings or associated with
uman activities such as chicken coops, piles of construction mate-
ial or wood, stones, bricks, piles of agricultural products, and other
tructures, as described in [18]). Additionally, samples came from
riatomines which were collected in sylvatic habitats (at least 20 m
way from human domiciles) by manual searches following proce-
ures described in [19], or in quadrants as previously described in
20,21].
Collected triatomines were sacriﬁced/sanitized by immersion
n Whités solution (0.25% HgCl2, 0.65% NaCl, 0.125% v/v HCl, 25%
thanol) in a biohazard level II cabinet and their intestinal con-
ents or feces were aseptically inoculated into biphasic NNN agar
o isolate T. cruzi epimastigotes. To reduce the number of poly-
lonal cultures included in the analysis, plate-cloned cultures (as
escribed in [22]) were included whenever available.
.3. DNA extraction and quantiﬁcation.
DNA was extracted from epimastigote cultures with either DNA-
ol or DNAeasy kits, following manufacturer’s instructions. DNA
as quantiﬁed in a Nanodrop 1000 spectrophotometer (Thermo
cientiﬁc,Wilmington, DE, USA).
.4. T. cruzi genotyping
Assignment to major genetic lineages was performed using
 previously described polymerase chain reaction and restric-
ion fragment length polymorphism (PCR-RFLP) based on the D7
omain of the 24S rDNA (LSU rDNA), glucose-6-phosphate iso-
erase (GPI) and heat shock protein 60 (HSP60) [23]. Parasite
ineage was assigned by comparing the resulting restriction band-
ng patterns with those obtained using DNA from standard strains
or each T. cruzi DTU, as follows: TcI: SilvioX/10 cl1 strain; TcII:
smeraldo cl3 strain; TcIII X109/2; TcIV: Can III cll; TcV: bug 2148
l1; TcVI: CL Brener.
.5. Microsatellite ampliﬁcation and size determination.
PCR products for a panel of 27 previously described microsatel-
ite loci were ampliﬁed under the conditions described in [16].
mpliﬁcation product sizes were measured in an automated cap-
llary sequencer (ABI3730, Applied Biosystems, UK), employing
uorescently tagged standards. Sizes were determined “blind” (to
revent user bias) in GeneMapper Software®, and the accuracy of
he calls was veriﬁed manually.
.6. Analysis of population genetic structure
DAS distances (1-proportion of shared alleles at all loci/n) were
stimated employing MSAT2 software and used to build the den-
rogram in Fig. 2. Multi-allelic loci were included in the analysis
y performing one thousand random diploid re-samplings of each
ulti-allelic proﬁle through a script written in Microsoft Visual
asic and individual-level genetic distances were calculated as the
ean across multiple re-sampled datasets as in [5]. Additionally,
opulation subdivision was explored through K-means clustering
nd discriminant analysis of principal components [24]. The ﬁx-
tion index (FST) and other population-level genetic parameters
ere calculated in Genalex software [25].this article.)
3. Results
3.1. T. cruzi lineages and microsatellite dataset
Fifty-eight T. cruzi isolates and clones were included in the
analysis. All of them were determined to belong to DTU TcI. The
microsatellite dataset comprised 2504 alleles across all studied loci
(excluding missing data (Additional ﬁle 2). Multiple (≥3) alleles
were found in 3.75% of studied loci.
3.2. T. cruzi population genetic structure
Two clusters are evident in the DAS pairwise genetic distance-
based neighbor-joining dendrogram, although bootstrap support
for this subdivison was  weak (36%, Fig. 2). The clusters correspond
to the transmission cycles: one of them is predominantly composed
of samples collected in the peridomestic environment (along with
the single domestic sample available), while the other is predomi-
nantly composed of sylvatic samples. Discriminant analysis-based
clustering roughly conforms to these subdivisions as well, although
it shows population partition into three clusters: one composed
primarily of peridomestic isolates (equivalent to that found by
Neighbor Joining), while the other two comprise mainly sylvatic
samples (Fig. 3). For both the Neighbor joining and DAPC analy-
sis, some peridomestic isolates grouped within the sylvatic cluster
and vice versa, showing that parasite ﬂow between these habi-
tats occurs (Figs. 2 and 3). The clusters found by DAPC are very
similar to those found by Neighborgh joining: The peridomestic
cluster is equivalent in both analysis, whereas the addition of the
two sylvatic clusters identiﬁed by DAPC is equivalent to the sylvatic
cluster found by Neighborgh Joining. The samples connecting the
two cycles are the same in both analysis. Thus, overall, both analysis
yield very similar results.
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Table  1
Population genetic parameters for peridomestic and sylvatic T. cruzi populations in Manabí province, Ecuador.
Population G/N PL PA MA/S Ar ± SE HOa HEa FIS ± SE IA (p-value)
Peridomestic 26/26 10 0.826 0.654 4.447 ± 2.552 0.354 0.448 0.214 ± 0.355 2.417 (<0.001)
Sylvatic 32/32 16 1.826 0.938 5.103 ± 2.955 0.371 0.564 0.346 ± 0.373 1.245 (0.001)
G = Number of multilocus genotypes per population.
N  = Number of isolates in population.
PL = Number of polymorphic loci.
PA = Mean number of private alleles per locus.
MA/S = Mean number of multiple (+3) alleles per sample.
Ar ± SE = Allele richness as a mean over loci ± standard error, calculated in FSTAT.
FIS ± SE = FIS over loci and standard error, calculated in FSTAT.
IA = Association index, calculated in Microsat.
a Mean observed and expected heterozygocity across all loci, calculated in Arlequin 3.5
Fig. 3. T. cruzi genetic clustering by discriminant analysis of principal components.
Eight principal components, explaining 80% of the total genetic diversity in the
dataset, were retained in the analysis. The ellipses represent the optimal number of
clusters among the dataset according to the minimum Bayesian information cri-
terion. Red: samples collected in domestic/peridomestic habitats. Blue: Samples
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gure legend, the reader is referred to the web version of this article.)
.3. Population genetic parameters
Population genetic parameters are shown in Table 1. Peridomes-
ic and sylvatic populations were characterized by considerable
enetic diversity, as evidenced by high measurements of allelic
ichness (Ar = 4.447 and 5.103, respectively); number of private
lleles per locus were higher among sylvatic strains (0.826 vs. 1.826,
espectively). Both populations were also deﬁcit in heterozygosity
FIS = 0.214 and 0.346, respectively). Moderate subdivision between
abitats was supported by the ﬁxation index, which was signiﬁcant
p < 0.0001), but of low magnitude (FST = 0.12871). To compare the
agnitude of the parasite ﬂow between habitats in Manabi with
hat of other T. cruzi populations in the South of the country, FST
as recalculated using 10 microsatellite markers for which the
nformation for Loja province was available [5]. Recalculated FST
or the Manabí population using only those ten markers was  0.131,
 < 0.0001, compared to the reported FST value of 0.212 for the popu-
ation in Loja. The index of association IA (linkage disequilibrium, or
onrandom association of genotypes at different loci) was signiﬁ-.1.2.
cant when calculated for the entire dataset (2.230, p < 0.001) as well
as for the peridomestic and sylvatic subpopulations individually
(Table 1), supporting preponderant clonality in these populations.
4. Discussion
We have used a PCR-RFLP-based genotyping scheme combined
with high-resolution molecular markers to genetically character-
ize the T. cruzi population associated with triatomine vectors in
the central Ecuadorian coastal region. Our samples, consisting pri-
marily of isolates obtained from R. ecuadoriensis, allow us to make
inferences regarding the T. cruzi population harbored by the most
epidemiologically important and prevalent vector species in the
area.
Similar to southern Ecuador [5], we ﬁnd DTU TcI to be the only
T. cruzi genetic lineage associated with triatomine vectors in the
central Ecuadorian coast. Except for one isolated study [26], DTU  TcI
is the only genetic lineage reported in Ecuador to date. Our results
are consistent with the notion of DTU TcI being predominant in the
northern region of South America [27,28].
In Southern Ecuador (Loja) and the North of neighboring Peru,
R. ecuadoriensis has been shown to colonize human dwellings
[18,29] as well as being present in sylvatic environments [19–21].
Morphometric analysis suggest that two distinct R.ec uadorien-
sis populations exist in Southern Ecuador, one in sylvatic and
another in domestic/peridomestic habitats [30]. In agreement with
these ﬁndings, we  have previously identiﬁed distinct (although
not completely separated) sylvatic and domestic/peridomestic
T. cruzi transmission cycles in Loja [5]. In contrast, in Manabí,
morphometric analysis shows that R. ecuadoriensis specimens col-
lected in sylvatic and peridomestic habitats are phenotypically
similar, suggesting greater interconnection and exchange of indi-
viduals between these two habitats [30]. Furthermore, sylvatic
populations of R. ecuadoriensis have been shown to re-infest domes-
tic/peridomestic habitats after insecticide spraying campaigns [8].
Therefore, greater parasite ﬂow between habitats in Manabí than
in Loja would be expected.
In this study, our data show that the local T. cruzi sylvatic
transmission cycle appears to constitute a source from which the
parasite reaches human domiciles. It is likely that R. ecuadorien-
sis acts as a link between transmission cycles in Manabí. The low
ﬁxation index, coupled with entomological evidence [8,30] suggest
that parasite ﬂow between sylvatic and peridomestic environments
in Manabí has greater intensity than in other areas of the country
where the same vectors species predominates (i.e., Loja). Addi-
tionally, the lack of private alleles in the domestic/peridomestic
population and the branching patterns in the neighbor-joining
tree, suggests the sylvatic population constitutes the ancestral
population from which it was derived. Even though domiciliated
R. ecuadoriensis populations are uncommon in Manabí, the pre-
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ominant housing materials (cane walls and palm roofs) are not
ufﬁcient to prevent home invasion/reinvasion by vectors, and
ntegral control measures will require house improvement. These
onsiderations are key for long-term control of Chagas disease in
he area.
Several components of the T. cruzi transmission network remain
o be studied in the central Ecuadorian coast. Despite the prepon-
erant role played by R. ecuadoriensis, less prevalent vector species
uch as Panstrongylus howardi have been reported to occur in Man-
bí [17,20]. Only two isolates from this secondary vector species
ould be included in this study. Furthermore, the role of wild,
ynanthropic and domestic mammalian reservoirs in the trans-
ission chain remains to be explored. Clarifying the role of these
dditional elements in the local T. cruzi transmission network will
e crucial for the implementation of effective control measures,
hich will also require concerted efforts by researchers, public
ealth agencies, and the local population.
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